ABSTRACT: Realizing visionary concepts of integrated photonic circuits, nanospectroscopy, and nanosensing will tremendously benefit from dynamically tunable coherent light sources with lateral dimensions on the subwavelength scale. Therefore, we demonstrate an individual nanowire laser based device which can be gradually tuned by reversible length changes of the nanowire such that uniaxial tensile stress is applied to the respective semiconductor gain material. By straining the device, the spontaneous excitonic emission of the nanowire shifts to lower energies caused by the bandgap reduction of the semiconductor. Moreover, the optical gain spectrum of the nanolaser can be precisely strain-tuned in the high excitation regime. The tuning of the emission does not affect the laser threshold of the device, which is very beneficial for practical applications. The applied length change furthermore adjusts the laser resonances inducing a redshift of the longitudinal modes. Thus, this concept of gradually and dynamically tunable nanolasers enables controlling and modulating the coherent emission on the nanoscale without changing macroscopic ambient conditions. This concept holds therefore huge impact on nanophotonic switches and photonic circuit technology. KEYWORDS: Nanowire, lasing, strain, emission tuning, bandgap modification, cadmium sulfide N anoscale photonic devices with increasing functionality, such as photonic chips 1,2 or lab-on-a-chip devices, 2−4 are a promising driving force for the future technological progress. In contrast to the common way to achieve technological progress, as by pure miniaturization of electronic devices, a high degree of variability and an increased functionality of such nanoscale devices might prove advantageous for future applications in biology, 5 chemistry, 2 or medicine. Particularly remarkable fields of research in integrated nanoscale devices are nanospectroscopy.
N anoscale photonic devices with increasing functionality, such as photonic chips 1, 2 or lab-on-a-chip devices, 2−4 are a promising driving force for the future technological progress. In contrast to the common way to achieve technological progress, as by pure miniaturization of electronic devices, a high degree of variability and an increased functionality of such nanoscale devices might prove advantageous for future applications in biology, 5 chemistry, 2 or medicine. Particularly remarkable fields of research in integrated nanoscale devices are nanospectroscopy. 6 High spatial resolution and on-chip compatibility should hereby be combined with the wavelength-resolved information gained by optical spectroscopy. The variety of photonic nanoscale building blocks required for these devices include light detectors, waveguides, active optical switches, and light-emitting devices. In particular, coherent nanoscale light sources which allow for wavelength tunability are urgently needed for these applications.
Remarkable progress has been made using semiconductor nanowire (NWs) lasers as nanoscale coherent light sources suited for such applications. Coherent emission has been realized in NWs for a vast number of materials. 7−9 Furthermore, detailed characterizations regarding the temporal 10−13 and modal 14, 15 emission dynamics enabled a profound understanding of nanolasers. Additionally, emission tuning was achieved by varying the material composition, 16 NW length 17 or by using core−shell structures. 7 Yet, all current approaches for tuning the laser emission lack a dynamical tunability, that is, the ability to reversibly tune the emission in a ready-made single NW device. However, in the spontaneous emission regime, besides static emission tuning, 18−22 such dynamic tunability of the excitonic NW emission has been demonstrated by applying strain. 23, 24 What is of further particular interest using NWs is the elastic limit surpassing the bulk value. 24 The elastic limit for semiconductor NWs has been reported to be in the range of 2%−15%. 25, 26 The huge elastic limit leads to a significant enlargement of the linear strain tuning range; NWs are therefore particularly suited for straining applications. 23 In this work, a controlled bandgap modification and the subsequent shift of the emission wavelength 27 is achieved by straining individual CdS NW devices by applying uniaxial stress. This enables a controlled dynamical modification of the optical emission and allows transferring the principle of strain-tuning from the spontaneous to the stimulated emission regime. The CdS material is a highly advantageous model system for our proof of principle experiments, as it emits in the important green spectral range while providing extraordinarily high gain values. 28 We prove dynamical tuning of the NW laser spectra by exploiting the inherent resonator morphology of the NW in combination with the strain induced bandgap modification of the semiconductor material.
Results and Discussion. Figure 1a schematically depicts the tunable NW laser device with a CdS NW bridging the gap between two isolated Si pads covered by 300 nm thermal oxide. Additionally, the NW is fixed to the substrate with sputtered SiO 2 pads on both sides of the gap. Thus, uniaxial stress can be applied by moving the two underlying Si/SiO 2 substrate areas apart, which enlarges the gap region. Note that the resulting tensile strain is always kept in the elastic regime. The tuning of the NW lasers with all observed effects is therefore fully reversible (see Figure S1 in the Supporting Information). The device design, that is, the gap size as well as the size and position of the fixation pads, need to be adjusted carefully in order to enable reaching the lasing regime prior to the heatinduced degradation of the gain material. 29 The fixation pad positions were chosen such that the ends of the NW are uncovered in order to provide free end facets with the refractive index difference to air and thus a high reflectance of the nanowire resonator. 30 In addition, these fixation pads were made of SiO 2 since the low refractive index reduces optical losses out of the NW and thus ensures efficient wave guiding within it. Furthermore, the large contact area with the supporting substrate allows effective dissipation of the heat load deposited in the NW by the excitation laser.
All following graphs are color-coded in the same way: Measurements for the unstrained NW are plotted in blue, while measurements for the maximally strained NW are plotted in red; data recorded at moderate strain values in between are drawn in green. The tensile strain along the NW c-axis ε cc = Δc/c corresponds to values ranging from 0% (blue) through moderate values of about 0.3% (green) to the maximal strain values of about 0.6% (red).
Microphotoluminescence (μPL) maps were acquired in the spontaneous emission regime in order to examine the tensiondependent optical properties of the device. Therefore, the sample was mounted onto a piezo-driven stage and scanned with a focused laser spot (diameter ∼1 μm), such that a μPL spectrum was acquired for each excitation position. The maximum peak position of the near band edge (NBE) Figure 1 . (a) Schematic drawing of a fixed CdS NW in the strain-free and the strained state. The NW is suspended in between two oxidized Si pads (blue). It is furthermore fixed to these substrate areas by the SiO 2 pads (drawn in green). By moving the Si/SiO 2 substrate areas apart, tensile stress is applied to the NW between the fixation pads (lower drawing). The enlarged excitation laser spot homogeneously illuminating the NW is visualized in purple. (b) Near-band edge emission (NBE) central wavelength depicted as a line scan along the NW axis around the gap region. The relative NBE peak shift in the tensioned regions of the NW with respect to the tension-free NW yields the strain-induced shift of the spontaneous emission around the gap region. In order to take into account uncertainties in overlapping both line scans, error bars are added to the relative shift values. The NW ends are outside of the range of the line scan with the left end located at ∼4 μm and the right and at ∼28 μm. Furthermore, the left fixation pad ranges from ∼6−10 μm, and thus might explain the negative relative shift around 10 μm. The right pad is outside of the range of the line scan around ∼21−25 μm. 
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Letter luminescence was evaluated along the NW axis in order to gain spatially resolved information about the excitonic emission, which is correlated with the bandgap distribution of the NW. 23 This peak position for the nominally unstrained NW device is plotted in Figure 1b (blue points) as a scan along the NW axis in the gap region, as indicated by the red area. The deviation of the peak position along the NW axis likely originates from a pre-straining of the NW resulting from the sample fabrication by optical lithography. The strained NW device (red points) reveals a significant additional redshift of the NBE peak around the gap area. The difference between the strained and the unstrained NW μPL peak positions yields the resulting redshift, as shown in Figure 1b , due to a bandgap reduction by uniaxial tensile stress along the NW. 23 Hence, the stress in our NW sample can be adjusted and is distributed around the gap region between the fixation pads, which is additionally confirmed by Raman measurements (see Figures S2 and S3 in the Supporting Information). Using the bulk deformation potentials, we estimated a good agreement between the theoretical bandgap shift and the experimentally obtained values (compare Supporting Information).
In order to induce lasing in the strain-tunable NW device, high excitation densities were applied using a pulsed (∼7 ns) 355 nm excitation source. Using an enlarged laser spot enabled homogeneous pumping of the entire NW and collecting emission from the entire NW volume. Sharp, equidistant FabryPeŕot (FP) resonator modes become perceptible on the lowenergy side of the near band edge emission for these excitation conditions and sufficiently high pump powers (see Figure 2a) , indicating amplified spontaneous emission (ASE). 31 The occurrence of these longitudinal resonator modes is almost independent of the applied stress. Upon higher pump powers these modes started to dominate the spectra while the spontaneous NBE becomes negligible; this is attributed to lasing. 9 The coherent emission is dominated by the transverse TE 01 mode. 14, 32, 33 However, the ASE and lasing spectra reveal two different strain-dependent effects: (i) A redshift of the individual resonator modes becomes apparent with increasing tensile stress, which is particularly apparent for the first modes of the ASE (Figure 2a ) by comparing the peak positions of the unstrained (blue line) to the strained (green and red lines) NW laser. The inset depicts the emission of the longitudinal resonator modes after subtracting the broad, spontaneous emission as baseline. As indicated by the colored lines, the individual resonator modes show a clear shift of ∼0.8 nm toward longer wavelengths for the strained NW. (ii) Additional effects become apparent by increasing the pump power further (Figure 2b ). The Gaussian lasing mode envelopes, indicating the underlying gain profile marked in Figure 2b , show an unambiguous redshift with increasing stress at pump powers around the threshold value. Additionally, these mode envelopes clearly visualize a broadening of the gain spectrum as a function of increasing stress. (The notation of using (i) and (ii) to distinguish both strain-induced effects will be maintained in this article.)
Despite this spectral changes, however, the NW laser characteristics by means of the laser output intensity is not changed discernibly. This pump power dependency of the NW laser output intensity is plotted in Figure 2c on a double logarithmic scale for the different strain values. A multimode lasing model 34 was applied to these data (solid lines). Astonishingly, the nanolaser device reveals almost strainindependent threshold values of around 55 kW/cm 2 and x 0 -parameters of ∼0.1. For low excitation power densities, the linear slope of the output intensity (Figure 2c) indicates the spontaneous emission regime. The slope changes to superlinear for higher excitation powers, when the longitudinal modes evolve in the spectrum (compare Figure 2a) , indicating the ASE regime. For even higher pump power, the slope changes back to linear, which proves stable laser oscillations in the NW device Figure 3 . (a) Power dependence of the NW laser emission for the three different stress values. The emission spectra for the unstrained NW (blue) reveal a blueshift for each particular longitudinal mode with increasing excitation power due to a refractive index reduction upon increasing carrier density. 12 Furthermore, for increasing excitation powers the lasing spectra exhibit a blueshift and a broadening of their mode envelope (colored Gaussian curves). These effects occur for all strain situations (blue, green, and red). The dashed, colored lines indicate the shift of the mode envelope maximum with increasing power for the respective strain situation. Note that the blue line for the unstrained laser spectra is drawn for comparison again in the right graph. Comparing the individual mode positions at a fixed excitation power reveals a redshift for each respective mode caused by the change of the resonator length. Additionally, a strain-induced redshift and spectral broadening of the mode envelope (colored Gaussian curves) becomes evident at all excitation powers. (b) Spectral position of one particular mode (upper diagram, traced mode is marked by the gray arrow in (a)) and envelope maximum position (lower diagram) as a function of excitation power. The spectral blueshift due to a refractive index reduction becomes apparent. Additionally, the mode position as well as the envelope maximum position exhibit a spectral redshift at a fixed excitation power due to the applied tensile stress.
Letter for all strain configurations. Hence, the three well-known operation modes of the NW laser device are clearly distinguishable for all strain values. In agreement with these observations, time-resolved μPL measurements confirm that the excitonic properties are nearly unaltered by applying strain to the NW (see Figure S4 in the Supporting Information). Since the spontaneous decay rate does not change with strain significantly, the laser inversion built up kinetics eventually is also similar in all cases, which leads to a roughly maintained lasing threshold value (see caption of Figure S4 in the Supporting Information). It is therefore very beneficial in particular for practical applications that we can tune the nanolaser emission wavelength (see Figure 2a ,b) while keeping the optical excitation power constant (Figure 2c) .
In order to gain further insights into the strain-induced origin of both aforementioned spectral changes and the straindependent lasing properties, an exemplary selection of PL spectra from the power series acquired at each tension value is depicted in Figure 3a . The excitation power was always limited to about twice the lasing threshold, such that sample destruction is avoided. The respective adjacent spectra were always acquired at similar pump powers. The unstrained spectra (blue lines) reveal a spectral blueshift of the mode positions with increasing excitation power. This originates from an increase in the mean charge carrier density with increasing excitation power in the electron hole plasma (EHP), 12 which is the gain mechanism in our NWs. This increasing carrier density ultimately leads to an increase in the screening and thus a refractive index reduction. Since λ mode /n must remain constant for the respective mode to fulfill the FP mode condition, a refractive index decrease leads to a decrease in the mode emission wavelength.
The spectral blueshift of all FP mode positions with increasing excitation power is also clearly apparent in the spectra of the strained NW (green and red lines). Additionally the strain-tuned NW laser exhibits both aforementioned straindependent effects, (i) the mode redshift and (ii) the gain envelope broadening and redshift with increasing tensile stress for all respective excitation powers. Indeed, lasing spectra with similar excitation powers need to be compared in order to distinguish strain-related effects from power-and heat-related ones. This FP mode position redshift is plotted for the mode marked by the gray arrow as a function of the pump power in Figure 3b (upper graph). Additionally, as indicated by the colored, dashed lines, the central wavelength of the gain envelope redshifts with increasing stress. This redshift is also plotted for a wider variety of powers in Figure 3b (lower graph). Likewise, the broadening of the gain envelope is clearly present for all excitation powers. Note that changes in the NW emission spectrum can, however, also result from a varying absorption on the high energy side of the emission for different excitation conditions. 35 Yet, since the excitation conditions in our experiments were kept constant and the observed redshift of individual resonator modes cannot be explained by absorption changes, we can rule out this explanation for our data. We can unambiguously distinguish strain-related from non-strain-related (such as power dependent) spectral changes by this thorough analysis. Temperature or heat-induced effects can also be ruled out, as shown in the Supporting Information ( Figure S5 ). Strain induces (i) the redshift of all FP modes and (ii) the redshift and broadening of the mode envelope. These observations are attributed to (i) the elongation of the optical resonator and (ii) the alteration of the properties of the semiconductor gain material, respectively.
Stressing the NW leads to a strained/elongated region between both SiO 2 fixation pads (marked red in Figure 4a ) and unstrained parts of the NW between the respective pad and the end facet. (i) The resonator elongation leads to a shift of the individual lasing modes. Their spectral position is not materialbut resonator geometry-related: The wavelength of the Nth mode is given by λ = 2n eff L r /N, where n eff is the effective refractive index of the transverse mode and L r the resonator length. By elongating the middle section of the NW (L s ; marked in light red in Figure 4a ), L r is increased causing the redshift of the respective Nth mode, assuming n eff remains almost unchanged. In addition, using the mode positions of the unstrained resonator (solid blue curve in Figure 4b) , we modeled the mode positions of the strained resonator analytically (red, vertical, dash-dotted lines). The calculated mode positions match the observed ones (solid red curve) for using a length change value of 0.6% for the calculations (compare Supporting Information). This length change is roughly confirmed by SEM measurements. However, note that a strain-induced refractive index reduction 36 might lead to a slight overestimation of strain in the NW. (ii) At the same time, the strained regions experience a decrease of the bandgap. This coincides with the results of the spontaneous PL and the Raman measurements (see Figure 1 and Figures S2 and S3 in the Supporting Information). Additionally, wave-guiding experiments support this observation, as the light, that has 
Letter been guided through the NW exhibits a redshift, which depends on the applied stress (see Figure S6 in the Supporting Information). Thus, homogeneously pumping of the strained region with decreased bandgap and the unstrained regions with unaltered bandgap leads to the superposition of the red-shifted and original gain spectra. This composite gain spectrum provides amplification for the resonator modes in the NW. Therefore, the broadening and redshift of the mode envelope is observed in the experiment.
The observed strain-dependent effects are summarized in the schematics of the gain spectra in Figure 5 . Figure 5a shows the initial gain spectrum in the unstrained case centered at λ max , which results from the formation of an electron−hole plasma (EHP) in the CdS NW at high pump powers. The gray vertical lines mark all resonant FP mode positions from the NW cavity. Amplification is reserved for FP resonator modes, which experience gain values above the threshold (TH, horizontal, black, dashed line). Consequentially, only these modes (sketched as bold, black lines) become apparent in the lasing spectrum. Both material and resonator-dependent properties are altered when stress is applied to the NW by moving the Si/ SiO 2 substrate areas apart (Figure 1a) . (i) Figure 5c shows the consequences of the FP resonator elongation, solely. All FP mode positions are red-shifted when stress is applied, as indicated by the red, thin, vertical lines. Again, only those modes within the gain spectrum with gain exceeding the threshold value are amplified and detectable in the experiment (bold red lines in Figure 5c ). (ii) Apart from this, Figure 5b depicts the changes, which result only from the bandgap decrease in the strained region of the NW (marked in red in Figures 1a and 4a) . In this NW volume, the gain spectrum is red-shifted and thus centered at λ′ max , as indicated by the dashed red line in Figure 5b . Superpositioning this gain spectrum with the initial gain spectrum from the unstrained NW tails under and beyond the fixation pads yields the broadened gain spectrum drawn in red. Finally, both effects (Figure 5b,c) are considered in the composite Figure 5d . The resulting shifted and broadened gain spectrum and the shifted resonator modes are drawn in red. Additionally, the initial gain spectrum as well as the initial FP mode positions are drawn for comparison. Thus, this model concept is fully suitable for explaining the experimental observations. Furthermore, our nanolaser device concept shows strong benefits in comparison to previously demonstrated (static) strain tuning in buckled CdS microribbon lasers, 37 as it avoids a possible diffusion of the photoexcited carriers out of the cavity and gain medium. 21 Conclusion. We fabricated dynamically strainable NW laser devices using CdS NWs in order to establish a proof of principle design for tunable nanolasers. Micro-PL measurements in the spontaneous emission regime revealed a bandgap reduction in the NW, which can be controlled by uniaxial tensile stress. Furthermore, our study shows unambiguous proof for coherent emission wavelength tuning in NW lasers. We distinguished two different strain-related effects: (i) the resonator elongation caused by the uniaxial stress which gives rise to a redshift of the individual resonator modes, and (ii) the bandgap reduction in strained parts of the NW which leads to a broadening and a redshift of the gain spectrum and thus the lasing mode envelope. Hence, our work provides a proof of principle for dynamical strain-tuning in semiconductor nanowires, whose fundamentals could be extended toward electrically driven devices such as LEDs. In addition, already these devices can have practical impact by adding further nanophotonic components such as filters or waveguides. Uniaxial stress is a powerful tool for the dynamical emission control in NW laser devices which might pave the way for novel highly functional nanoscale spectroscopic devices in combination with MEMS architectures. Indeed, for evoking strain values of up to ±(3−4) % in such tunable nanolasers designs, a shift of the gain envelope of over ±10 nm should be achievable. 37 Additionally, beyond the spectral emission control, this concept might enforce research on nanosensing (see concept Figure S7a in the Broadened gain spectrum (red) originating from the superposition of a red-shifted gain spectrum (not plotted, centered at λ′ max ) due to the strain between the fixation pads, and the unstrained spectrum (black dotted line, centered at λ max ) of the unstrained parts at the NW ends. The red-shifted spectrum represents the gain in the strained part of the NW with a reduced bandgap. Since the gain volume for the unstrained part is reduced by the strained part, the initial gain spectrum maximum slightly surpasses the superimposed spectrum. (c) Shift of the Fabry-Peŕot modes, which results from the resonator elongation of the gap area due to the applied tensile stress. The red vertical lines represent the shifted mode positions, whereas the gray lines mark the initial mode positions. (d) By combining spectral gain modification and the mode shift, the experimental results for stressed nanolasers can be explained.
Letter Supporting Information), nanoscale signal tuning devices such as periodic emission modulators (Supporting Information Figure S7b ), tunable waveguides, and tunable absorbers.
Experimental Methods. NW Growth. CdS NWs were grown by a vapor transport method using the vapor−liquid− solid (VLS) mechanism. 38 In a tube furnace, the source material consisting of CdS powder was placed in an alumina boat, evaporated at 700°C and transported downstream by an argon carrier gas toward the Si growth substrate with a 10 nm layer of sputtered gold on top. The pressure within the tube during growth was kept between 10−100 mbar resulting in CdS NW batches with NW diameters between 100−700 nm and NW length of several μm.
Fabrication. NWs were subsequently transferred by dropcast utilizing isopropyl onto a structured low refractive index substrates consisting of 300 nm of SiO 2 (n ∼ 1.4) on an SOI wafer. By optical lithography and sputtering, NWs were fixed with SiO 2 pads to the supporting substrate. Uniaxial stress was applied by a micromechanical 3-point bending device. More detail can be found in the Supporting Information of ref 39 .
Optical Setup. The optical excitation for the lasing experiments was always set to 355 nm. Spontaneous PL measurements were performed with an excitation wavelength of 325 nm. The optical setup for the optical measurements is explained in detail in ref 40 . All spectra were acquired at room temperature.
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